Described herein, for the first time to the best of our knowledge, are results on optical fibers possessing significant compositional gradations along its length due to longitudinal control of the core glass composition. More specifically, MCVD-derived germanosilicate fibers were fabricated that exhibited a gradient of up to about 0.55 weight % GeO 2 per meter. These gradients are about 1900 times greater than previously reported fibers possessing longitudinal changes in composition. The refractive index difference is shown to change by about 0.001, representing a numerical aperture change of about 10%, over a fiber length of less than 20 m. The lowest attenuation measured from the present longitudinally-graded fiber (LGF) was 82 dB/km at a wavelength of 1550 nm, though this is shown to result from extrinsic process-induced factors and could be reduced with further optimization. The stimulated Brillouin scattering (SBS) spectrum from the LGF exhibited a 4.4 dB increase in the spectral width, and thus reduction in Brillouin gain, relative to a standard commercial single mode fiber, over a fiber length of only 17 m. The method employed is very straight-forward and provides for a wide variety of longitudinal refractive index and acoustic velocity profiles, as well as core shapes, which could be especially valuable for SBS suppression in high-energy laser systems. Next generation analogs, with longitudinally-graded compositional profiles that are very reasonable to fabricate, are shown computationally to be more effective at suppressing SBS than present alternatives, such as externally-applied temperature or strain gradients.
INTRODUCTION
Optical fibers have become ubiquitous tools for the creation, propagation, manipulation, and detection of light and applications abound for their scientific, industrial, and commercial use. [1, 2, 3, 4, 5, 6] While the intensity of light propagating through the fiber can increase or decrease along the length through amplification or attenuation, respectively, the microstructural features and material properties of the fiber itself generally do not; i.e., the base features of an optical fiber typically are length invariant. Methods have been devised to modify the refractive index of the fiber at points along its length either permanently (e.g., modifying core radius/tapering [7] ) or transiently (e.g., using temperature [8] or strain [9] ). Such perturbations influence the modal or propagation characteristics of the optical (or acoustic) field in the fiber and, consequently, have been used to control nonlinearities [10] and suppress stimulated Brillouin scattering (SBS [11] ) and fourwave mixing (FWM [12] ), to name just a few applications. For completeness, it is worth noting that the benefits to Brillouin oscillations of fibers with compositional gradients had been conjectured over 30 years ago. [13] Additionally, and more somewhat recently, fibers possessing longitudinal changes in composition have been realized. [14, 15] In that work, vapor-axial deposition was used to fabricate a preform with a longitudinal gradient in composition, which subsequently was drawn into fiber. Because the composition changed along the length of the entire preform, the resultant longitudinal gradient fiber was very low (an index difference of 0.4% over 28 km). While such a length is acceptable for the longhaul telecommunication application which was the focus of that effort, many other applications exist where shorter lengths of fibers possessing higher longitudinal gradients in composition or, more interestingly, longitudinal gradients in acoustic properties but no variation in optical properties (i.e., refractive index) are of interest.
In this work, a simple method is employed in order to controllably shape the compositional profile of the glass core along a short length (presently about 10 -20 m, but conceivably a few meters) of optical fiber. By controlling the properties of the fiber along its length through the core glass composition, rather than dimension, strain, or temperature, a series of other useful opportunities present themselves including longitudinally-gradient rare-earth doped fibers or fibers that possess a uniform refractive index but gradient acoustic velocity.
EXPERIMENTAL PROCEDURE
A depiction of the general process employed is shown in Figure 1 and follows the scheme described by Rice, et al. [16] . Conceptually, a radial index profile is generated in a silica preform using conventional chemical vapor deposition methods. This radial profile is transformed into a longitudinal profile by core-drilling a rod through the side of the preform. This rod, which contains a portion of the core as well as two end sections of the cladding glass (see Figure  1(b) ), then is sleeved inside a lower index tube that now acts as the preform for the subsequent drawing of the longitudinally-gradient optical fiber. Figure 1 . Idealized representation of the process employed. (a) Conventional GeO 2 -doped SiO 2 preform fabricated with specific radial refractive index profile using a chemical vapor deposition process; (b) a rod is core-drilled out through the side of the preform such that radial gradient of the preform becomes a longitudinal gradient in the rod; (c) rod from (b) is sleeved into a lower refractive index inner cladding tube such that a index-guiding core/clad geometry is achieved; (d) preform from (c) is drawn into fiber such that longitudinal refractive index profile is now present in the optical fiber. Also shown in (d) are the idealized longitudinal refractive index and compositional profiles of the fiber; which are correlated and are defined by the initial radial profile of the preform in (a). The vertical green dotted lines are guides to the eye.
In the case presented here, a doped SiO 2 preform was fabricated using an SG Controls modified chemical vapor deposition (MCVD) lathe at Clemson University. The preform was fabricated from a pure silica tube that was about 450 mm in length and had an inner and outer diameter of 17 and 21 mm, respectively. The core region consisted of four deposition layers: the first three were doped with germanium from a GeCl 4 vapor source. The GeCl 4 flow rate was increased by 2 standard cubic centimeters per minute (sccm) per layer from about 30 sccm for the first layer to about 34 sccm for the third layer. A constant flow of SiCl 4 at about 60 sccm was maintained throughout the first three layers. The fourth layer was co-doped with GeCl 4 at about 100 sccm and SiF 4 at about 70 sccm. The use of fluorine-doping in this last core layer was to investigate whether an additional dopant could measurably influence either the longitudinal optical or acoustic properties of the resultant fiber. Conceivably, as is discussed later, a flat refractive index profile but longitudinally-varying acoustic profile could be achieved by balancing the optical and acoustic influences of the Ge and F (or other) dopants in SiO 2 [17, 18] . During the preform collapse stage, a low flow of SiF 4 was maintained in order to lessen fluorine losses. For completeness, it is noted that the fluorine is too light of an element to be measured using the energy dispersive x-ray analytical methods described below. Accordingly, the fluorine is not discussed with respect to the chemistry of the core but could influence both the optical and acoustic behavior. However, since the fluorine level is fairly low, as expected based on the SiF 4 flow rates, its impact on the performance of these proof-of-concept fibers is not expected to be large compared to that of the GeO 2 doping.
The resulting preform was profiled using a Photon Kinetics PK2600 preform analyzer at 10 mm increments along the preform starting at a position of 50 mm and ending at a position of 260 mm as measured from the preform tip. Rods of 3 mm diameter then were core-drilled through the full diameter of the preform (Ceramare, Piscataway, NJ) at the same locations as index profiled on the PK2600. One of the side-core-drilled slugs was sleeved into a fluorinated silica cladding tube (either Fluosil® or F320, as will be discussed in greater detail below), which were then sleeved inside a 10 mm inner diameter by 26 mm outer diameter F300 silica tube (Hereaus, Buford, GA). The fluorinated silica inner cladding tube would provide a lower refractive index relative to the longitudinally-varying core slug to enable light-guiding in the resultant fiber. The outer pure silica cladding tube, though not necessary in theory, was employed since fluorinated silica tubes with the desired core/clad ratio were not available. Pure silica rods, whose outer diameter matched well the inner diameter of the fluorinated silica inner cladding tube were placed above and below the doped-SiO 2 core slugs in order to isolate the core slugs from each other and to prevent the regions of interest from being lost during the initial stages of drawing. The end faces of the silica rods and core slugs were polished with 30μm and 5μm grit polishing pads. In order to limit motion of the individual pieces of glass comprising the preform during fiber fabrication the entire billet was consolidated at 2300˚C on the lathe under a vacuum of 1.5 torr. Figure 2 shows (a) a schematic of the subsequent preform, and (b) a picture of the actual preform prior to fiber draw.
As noted above, the side-core-drilled slugs were sleeved inside either a Fluosil® or F320 (Hereaus, Buford, GA) cladding tube to enable waveguiding. Both Fluosil ® and F320 can be made with a range of fluorine doping levels and, concomitantly, refractive indices. For those employed here, the Fluosil® and F320 inner cladding tubes had refractive indices that were 0.0058 and 0.001 below that of silica, respectively. Two otherwise identical preforms were constructed, one from each type of fluorinated silicate (Fluosil® and F320) glass in order to control the numerical aperture and determine to what extent this influenced the fabrication and performance of the fiber. The fully-consolidated preforms, of 25.7 mm (containing the Fluosil®) and 27.06 mm (containing the F320) total diameter, were drawn on a Heathway optical fiber draw tower (Clemson University) at a temperature of 1950˚C to a 125 μm diameter fiber. The fibers were coated with a standard single coating (Desolite 3471-3-14, DSM Desotech Inc., Elgin, IL) to a final outer diameter of about 235 μm. The total length of fiber drawn was nearly 1700 m, which was done to ensure that all of the longitudinally-gradient core region was fiberized.
Electron microscopy of selected preform and fiber samples was performed using a Hitachi S-3400 scanning electron microscope (SEM) operating at 20 kV under variable pressure and a working distance of about 10 mm. Elemental analysis was conducted using a Hitachi TM-3000 tabletop SEM operating at 15 kV. Spectral attenuation measurements were conducted using a cut-back method on a Photon Kinetics PK2500 (Beaverton, OR) over a range from 850 nm to 1700 nm in approximately 5 nm steps. The refractive index profile at arbitrary position along the length of the fiber was measured at 980 nm by Interfiber Analysis Inc. using a spatially resolved Fourier transform technique [19] in which the fiber is placed transversely in the sample arm of a Mach-Zehnder interference microscope and a translating wedge is used to introduce a known phase shift between the two interferometer arms.
The experimental apparatus used to measure the Brillouin gain spectrum (BGS) is a heterodyne system [20] similar to that described in [21] that has been slightly modified for improved sensitivity. More specifically, a fiber Bragg grating-based tunable band-pass filter was inserted after the third fiber amplifier (see Fig. 2 of Ref. 21 ) and centered at the testing wavelength (1534 nm). An additional fiber amplifier stage was used to boost the signal level before launch into the photo-receiver. Standard single mode fiber (SMF-28, Corning Incorporated) was used as a reference. SMF-28 has approximately a silica core doped with about 4 mole percent GeO 2 , yielding a core index difference with respect to the cladding of about 510 -3 , and a core diameter of about 8.2 μm.
RESULTS AND DISCUSSION

Materials characterization
During consolidation of the longitudinally-gradient preform, fluorine out-gassed from the Fluosil inner cladding thereby creating bubbles at the interface between the side-drilled core slug and the Fluosil. Nonetheless, this preform was drawn into fiber though the bubbles led to considerable scattering of light and very high optical losses. However, since the chemistry of the side-drilled core slug would remain unaffected by bubbles, this fiber was used to determine the GeO 2 concentration as a function of length. The refractive index profile of the initial as-made (prior to side-core drilling) preform and also the germania (GeO 2 ) concentration as a function of position along the fiber is shown in Figure 3 .
There are several points of interest in Figure 3 . First is the central dip in the index profile of the original preform resulting from burn-out of the germania and fluorine, as is known. [22] The use of fluorine during the collapse of the original preform leads to the negative index values, relative to pure silica, that are observed. Second is the general correlation between the radial refractive index profile from the original preform and the germania concentration along the length of the longitudinally-varying optical fiber. This is in expected accordance with the scheme provided in Figure  1 . It is worth mentioning, as can be seen in Figure 3 , that EDX compositional measurements were taken in approximately 10 m increments. The graph connects these data points even though there is no specific data available in between them and, as such, apparent shifts or asymmetries with respect to the refractive index profile should be considered with care since they should generally correlate. Last, and most importantly, is that there are several different longitudinal gradients in this particular fiber as a function of length. Illustrated in Figure 3 are two such gradients where the measured GeO 2 content changes by 5.46% or 2.45% over a 10 meter length yielding gradients of 0.546%/m and 0.245 %/m, respectively. These values are higher by a factor of about 1900 times the gradients achieved in References 14 and 15 by virtue of the fact that the compositional gradient is built into a smaller region of the preform and not the entire rod. Further optimizations and prospective gradient designs are discussed below. 
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Optical fiber properties
The preform prepared using the lower fluorine content F320 inner cladding did not exhibit any bubble formation upon consolidation and, as such, the resultant fiber was able to guide light. Accordingly, this fiber was employed for all of the optical measurements. Figure 4 provides the spectral attenuation of this fiber over a length of about 20 meters. The lowest loss achieved was 82 dB/km at a wavelength of 1550 nm. Put another way there would be less than 1 dB of loss over a 10 m segment where the germania gradient is greatest. A very large hydroxyl ion absorption peak at 1380 nm indicates that there is significant water contamination, likely due to the wet-cutting and grinding of the core-drilled slugs that then were re-sleeved into the fluorinated cladding tube. Regardless of source at this proof-of-concept level, the measured losses are dominated by extrinsic factors since the spectral attenuation of the as-prepared (prior-to-side-core drilling) original preform had a minimum value of 23 dB/km at a wavelength of 1550 nm. This point is important since is shows that the generally high absorption of the longitudinally-gradient fiber is due to the core-drilling/preform work-up process and not the glass itself and, since extrinsic, these losses should be reduced with improved processing and with further optimization. Wavelength (nm) Figure 4 . Spectral attenuation of the longitudinally-graded optical fiber and the as-made originalMCVD preform. The minimum loss of the longitudinally-graded fiber was about 82 dB/km where as for the original preform, the minimum loss was about 23 dB/km.
Since material composition influences both the optical and acoustic properties of the fiber, Brillouin gain spectra (BGS) were measured from both ends of the same length of the LGF (ends arbitrarily designated as 'A' and 'B') and compared to that from a conventional (Corning SMF-28TM ) optical fiber. The results are shown in Fig. 5 . The LGF spectra are normalized roughly to the highest-frequency peak, with reasoning to be discussed later. The multiple peaks observed in the LGF are believed to be modes of the acoustic waveguide and the peak near 11 GHz is a contribution by the measurement apparatus. Due to the background loss at the test wavelength (~80 dB/km), there is slightly less pump power to drive Brillouin scattering from the fiber end opposite (far-end) the optical launch end (near-end). The backscattered Stokes' signal from the far-end also experiences more total loss than the signal scattered from the near-end. Thus, the Stokes' signal from the far-end contributes less to the measured spectrum than that from the near-end, which can be used to explain the observed differences in the Side A and Side B measurements. Looking just at the L01 mode (~10.71 GHz), since there is relatively more signal at lower frequencies for Side A than Side B, it can be concluded that Side A has more GeO 2 than Side B. The structure in the spectrum probably results from a non-linear length-wise change in germania content in the test segment.
The measured spectral width (FWHM) of the SMF-28TM fiber is about 29 MHz. In contrast, the spectral width (FWHM) of the LGF is approximately 80 MHz, representing a broadening by about 50 MHz, or increase of about 4.4 dB. In order to compare the Brillouin gain coefficients, the acousto-optic overlap integral (i.e., the relative strength of higher-order acoustic modes, or HOAMs) must be taken into account. There is only one weak HOAM (L02) observed for the SMF-28TM , whereas there is a significant presence of HOAMs in the LGF. Coarsely integrating the spectra such that the total integrated Brillouin gain is conserved [14] , not including the contribution by the apparatus, the LGF has a Brillouin gain coefficient about 6.7 dB below that of the standard commercial single-mode longitudinally-invariant optical fiber. Modeling results indicate that >10 dB suppression of SBS is viable with a compositional gradient corresponding to [GeO 2 , F] = [6.33, 0] and [10.0, 0.61] weight percent at two ends of a linearly-graded optical fiber. The fabrication and characterization of this next generation LGF is underway and will be reported separately. The calculated acoustic mode frequencies, 10.72 GHz, 10.92 GHz, and 11.20 GHz, are in reasonable, though not excellent, agreement with measured data. The presence of these modes is most likely due to perturbations from core circularity arising from the core-drilling process, and not from an intrins refractive-index dip usually associated with Ge-doped fibers. The measured mode residing near 11.3 GHz is assigned to the cladding interaction with the tails of the optical mode, and is well-predicted by the theory. The LGF spectra have therefore been normalized to this peak for comparison since its strength is invariant of the launch end. The reasonable agreement provides confidence in the aforementioned assignment of the measured peaks to be the L0m guided acoustic modes of the waveguide. The HOAMs are found to have a greater frequency separation as the width of the waveguide is reduced. 
FUTURE WORK AND OPPORTUNITIES
Noted above are results on initial fibers that should be considered, at best, proof of concept. As with any nascent effort much work remains towards achieving higher performance and complexity. The purpose of this section is to offer recommendations as to next steps as well as potential applications that could gain benefit from the findings of this work.
Further process and materials optimization
Clearly required, as indicated by the comparison shown in Fig. 4 , is a reduction in the loss of the LGF. The higher losses, with respect to the as-fabricated initial preform, likely resulting from the cutting side-drilled slugs that then were resleeved into the fluorinated cladding tube and ultimately all consolidated. As noted above, however, it appears that the loss is extrinsic since the preform from which the slugs were taken exhibited a loss of about 23 dB/km at a wavelength of 1550 nm. While this is high for conventional MCVD-derived preforms, it is lower than that measured on the longitudinally-graded optical fibers supporting the author's contention that the processing induces the added loss.
Additionally, it should be possible to increase the gradient, both by enhanced doping and preform design such that the length over which a given gradient can be produced is reduced. The present fiber exhibits a maximum germania gradient of 0.546%/m. Given the generalized process, higher doping levels within smaller core size initial preforms, sleeved inside narrower wall-thickness cladding tubes, would be effective in enhancing the gradient.
Rectilinear core optical fibers
Though not initially intended (nor expected), early prototype fibers exhibited a rectangular core. This was due to the core-drill being larger than the core of the original MCVD-derived preform. As a result, the slug contained regions of silica glass around the core that was sleeved into the fluorinated silica cladding tube. When viewed from the longitudinal perspective, this results in a rectangular core as shown schematically in Figure 6 . Also shown in Figure 6 is a photograph of an actual side-drilled slug [ Figure 6 (d)] where the round core is clearly observed in the center and is surrounded by the cladding glass. Figure 6 (e) provides an SEM micrograph of the resultant (longitudinally gradient) fiber cross-section with rectangular core. The dimensions of this core are approximately 12.1 μm by 7.8 μm.
Whether or not the core has an index or acoustic gradient, such rectilinear core optical fibers have been modeled electromagnetically [23, 24] and could be useful for a variety of applications including polarization-maintaining fibers [25] ,
self-filtering of signals in telecommunication systems [26] , and biomedical imaging [27] , and the process seems simpler than pressure-assisted approached previously employed [28] . The aspect ratio of the core would be determined by the maximum aspect ratio of the slug that is side-drilled out of the initial preform and conceivably could take one a range of geometries. Interestingly, this approach yields fibers that possess a uni-directional taper in core diameter while all other dimensional attributes remain constant; a schematic of this is shown in Figure 7 . Given the circular cross-section of the initial core within the side-drilled slug, the variation in one core dimension with distance would be sinusoidal. 
Reduced insertion loss jumpers between dissimilar fibers
Longitudinally-index gradient optical fibers could be used to lessen insertion losses between connecting fibers of differing refractive index. Index differences inevitably lead to Fresnel reflections which can lead to reduced transmission as well as ghosting of signals in communication systems. Fresnel reflections at normal incidence can be greatly reduced (possibly negated) through use of a modified quintic refractive index gradient [29, 30] . A preform possessing the requisite radial graded structure could be fabricated using present chemical vapor deposition methods since most state-of-the-art systems are recipe-driven with software that controls gas flow rates to achieve a desired index profile. Said index profile could be converted into a quintic longitudinal index gradient by the generalized process described in this work. 
CONCLUSION
A new simple and versatile method for fabricating optical fibers with a longitudinal composition gradient was developed. MCVD-derived germanosilicate fibers were fabricated with a gradient of up to about 0.55 weight % GeO 2 per meter. The spectral attenuation was 82 dB/km at a wavelength of 1550 nm, which was shown to result from extrinsic factors and should be diminished with further optimization. The measured BGS exhibited a 4.4 dB broadening, relative to a standard single-mode fiber, over a 17-meter length of fiber. The method employed shown to potentially provide for a wide variety of longitudinal refractive index and acoustic velocity profiles and core shapes, such as rectangular core optical fibers. Such proof-of-concept fibers show promise for SBS suppression in high energy laser systems as well as mode control in various communication, amplifier, and sensing optical fiber-based applications.
